Abstract. Our previous study revealed that superoxide dismutase (SOD)-dependent production of reactive oxygen species (ROS) was able to increase the invasive ability of pancreatic cancer cells. However, the underlying mechanisms by which SOD enhances metastasis are still not fully elucidated. As epithelial-mesenchymal transition (EMT) is a key player in tumor metastasis, the aim of this study was to evaluate whether SOD affects EMT in pancreatic cancer cells and the related mechanism. Human pancreatic cancer cells BxPC-3 and Panc-1 were utilized to examine the level of hydrogen peroxide (H 2 O) in the absence or presence of SOD and catalase (CAT). The activation of phospho-ERK and phospho-NF-κB were measured by western blot analysis. Wound healing assay and transwell invasion assay were used to detect the migratory and invasive potential of cancer cells. The EMT-related factors, E-cadherin, N-cadherin and vimentin were detected by QT-PCR and western blot analysis. The results of present study showed that SOD not only increased cell migration and invasion in pancreatic cancer, but also mediated the expression of EMT-related factors and cell morphology. In addition, the levels of phospho-ERK and phospho-NF-κB were induced by SOD which could be counter-balanced by both CAT treatment and PD 98059 (an ERK inhibitor). Taken together, these data indicate that SOD promotes the invasive and migratory activity of pancreatic cancer. Blocking the H 2 O 2 /ERK/NF-κB axis might be a novel strategy for the treatment of this severe malignancy.
Introduction
As the fourth leading cause of cancer death worldwide, pancreatic cancer is an aggressive malignant disease with a median survival time of less than 6 months and a 5-year survival rate of <6% (1) . Due to a lack of early symptoms, ~80% of pancreatic cancer patients are advanced in unresectable stage at the time of diagnosis (2) . Even patients with seemingly resectable tumor are not always cured by surgery due to the microscopic systemic spread of the pancreatic cancer that occurs prior to the procedure (3) . Improvement of patient survival requires an increased understanding of tumor metastasis mechanisms to allow for early disease detection and the development of therapeutic strategy. Previously we identified that superoxide dismutase (SOD)-dependent production of reactive oxygen species (ROS) increased the invasive and migratory ability of pancreatic cancer cells (4) . However, little is known about the specific mechanism underlying this linkage.
ROS generated by the mitochondrial respiratory chain, consists of a number of chemically reactive molecules derived from oxygen, including hydrogen peroxide (H 2 O 2 ). Accumulating evidence indicates that the intracellular redox state plays an important role in cellular signaling transduction and regulates multiple events, such as cell cycle progression, apoptosis, migration, invasion and angiogenesis in cancer (5, 6) . The main antioxidant enzymes include SOD, which converts superoxide anion (O 2 -) into H 2 O 2 , as well as catalase (CAT) and glutathione peroxidase (GPX), which catabolize H 2 O 2 into water (7). Although they are sometimes classified together, they should be considered separately because their reactions are completely different. It has been demonstrated that SOD can induce migration and invasion of cancer cells via its metabolic product H 2 O 2 . Whereas, the H 2 O 2 scavenger, catalase inhibits ROS-mediated tumor metastasis (4, 8) . In pancreatic cancer, the antioxidant activity of SOD is increased in the tumor cells cultured from ascites and metastatic tumor cell lines compared to primary pancreatic tumor cells, which indicates that SOD is intimately related with tumor metastasis potential (9) .
Epithelial-mesenchymal transition (EMT) has been recognized not only as a physiological mechanism for development and tissue remodeling, but also as a pathological mechanism in cancer progression, during which cells lose their polarized epithelial traits and acquire mesenchymal characteristics such as the downregulation of E-cadherin and the upregulation of N-cadherin and vimentin that in turn induce an aggressive phenotype (10, 11) . This event not only facilitates the aggressiveness of the disease but also promotes resistance to current treatments (12) . Elevated amounts of ROS have been proven to promote several cellular migratory processes, including EMT, angiogenesis and metastasis in different cancer types (13) . Various stimulators such as epidermal growth factor and transforming growth factor-β could also induce EMT through ROS generation (14) . As one of the most classical signaling pathway, extracellular signal-regulated kinase (ERK) pathway is an important signaling cascade downstream of ROS that is involved in tumor migration and invasion (15) .
In the present study, we investigated the production of H 2 O 2 in pancreatic cancer cells in response to SOD and CAT. We also tested the hypothesis that H 2 O 2 mediates SOD-induced activation of ERK signaling pathway, which further regulates the invasive and migratory activity of pancreatic cancer cells through EMT. Results from this study suggest that elevation of H 2 O 2 contributes to the SOD induced EMT through ERK/ NF-κB signaling pathway.
Materials and methods

Preparation of chemicals.
Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were from Gibco (Grand Island, NY, USA). SOD and CAT were from Sigma-Aldrich (St. Louis, MO, USA). The hydrogen peroxide assay kit was from Beyotime (Jinan, China). Millicell culture plate inserts were from Millipore (Bedford, MA, USA). Matrigel was from BD (Biosciences, Bedford, MA, USA). The ERK inhibitor PD 98059 was obtained from SigmaAldrich. Primary antibodies against E-cadherin, N-cadherin and vimentin were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-ERK, anti-phospho-ERK (Thr202/ Tyr204), anti-NF-κB and anti-phospho-NF-κB (Ser468) antibodies were from Cell Signaling Technology (Beverly, MA, USA). Nitrocellulose membranes were from Millipore. The BCA assay kit and the chemiluminescence kit were from Pierce (Rockford, IL, USA). Other reagents were purchased from common commercial sources. All drug solutions were freshly prepared on the day of testing.
Cell cultures and treatments. The human pancreatic cancer cell lines, BxPC-3 and Panc-1, were obtained from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in DMEM medium containing 10% dialyzed heat-inactivated FBS, 100 U/ml penicillin, and 100 µg /ml streptomycin in a humidified atmosphere of 5% CO 2 at 37˚C. SOD (400 U/ml) was used to convert superoxide anions into molecular oxygen and hydrogen peroxide, CAT (400 U/ml) was also added to the in vitro model in combination with SOD to decompose the hydrogen peroxide. Hydrogen peroxide assay. The level of intracellular H 2 O 2 was measured using hydrogen peroxide assay kit according to the manufacturer's instructions. In this kit, the ferrous ions (Fe   2+   ) were oxidized to ferric ions (Fe 3+ ) by H 2 O 2 , which further formed a complex with the indicator dye xylenol orange and produced a visible purple-colored complex, that could then be measured using a microplate reader at a wavelength of 560-590 nm (Bio-Rad, CA, USA).
Transwell Matrigel invasion assay. The invasive ability of the pancreatic cancer cells was analyzed using Matrigel invasion chambers in 24-well plates. The 8.0-µm pore inserts were coated with 25 µl of Matrigel. After serum starvation for 24 h, the BxPC-3 and Panc-1 cells were suspended in DMEM containing 1% FBS in the top chamber at a concentration of 5x10 4 in the absence or presence of SOD, SOD accompanied with CAT at concentrations of 400 U/ml each and SOD accompanied with PD 98059 (50 µmol/l). Simultaneously, 500 ml of DMEM containing 20% FBS was placed in the lower chambers. The Matrigel invasion chamber was then incubated for 48 h in a humidified tissue culture incubator. The non-invading cells were removed from the upper surface by scraping with a wet cotton swab. After rinsing with PBS, the filter was fixed and stained with crystal violet. The invasion ability was determined by counting the stained cells on the bottom surface. Three random fields were captured at x20 magnification (n=3).
Wound healing assay. Cell migratory ability was detected by a wound-healing assay. Pancreatic cancer cells were seeded in 24-well plates (1.0 x10 5 cells/500 µl). After the cells grew to 90-100% confluence, a sterile pipette tip was used to produce a wound line between the cells. Cellular debris was removed by washing with PBS and then allowed to migrate for 24 h. Images were taken at time 0 and 24 h post-wounding under a Nikon Diaphot TMD inverted microscope (x10). The relative distance traveled by the leading edge from 0 to 24 h was assessed using Photoshop software (n=5).
Real-time quantitative PCR (QT-PCR).
Total RNA was extracted from the pancreatic cancer cells using the Fastgen 200 RNA isolation system (Fastgen, Shanghai, China) according to the manufacturer's protocol. Total RNA was reverse-transcribed into cDNA using the Fermentas RevertAid™ kit (MBI Fermentas, Canada). The primer sequences were as follows: E-cadherin-F, 5'-ATTCTGATTCTGCTGCTCTTG-3' and E-cadherin-R, 5'-AGTCCTGGTCCTCTTCTCC-3'; N-cadherin-F, 5'-TGTTTGACTATGAAGGCAGTGG-3' and N-cadher in-R, 5'-TCAGTCATCACCTCCACCAT-3'; vi menti n-F, 5'-A ATGACCGCT TCGCCA AC-3' and vimentin-R, 5'-CCG CATCTCCTCCTCGTAG-3'; β-actin-F, 5'-GACTTAGTT GCGTTACACCCTTTCT-3' and β-actin-R, 5'-GAACGGT GAAGGTGACAGCAGT-3'. The PCR reactions consisted of 30 sec at 95˚C, followed by 40 cycles of 95˚C for 5 sec, 60˚C for 30 sec and 72˚C for 30 sec. After each QT-PCR experiment, a dissociation curve analysis was conducted. The relative gene expression was calculated using the previously described 2 -ΔΔCt method (16) .
Protein extraction and western blotting. Total protein was extracted from cultured cells in radio-immunoprecipitation assay (RIPA) lysis buffer on ice for 25 min. Insoluble materials were removed by centrifugation at 4˚C with 15,000 x g for 15 min. Subsequently, supernatants were collected and total protein concentrations were measured using the BCA assay kit. Proteins (30-80 µg) were electrophoretically resolved on a denaturing SDS-polyacrylamide gel and electrotransferred onto nitrocellulose membranes. The membranes were initially blocked with 5% non-fat dry milk in Tris-buffered saline (TBS) for 2 h and then probed with antibodies against E-cadherin, N-cadherin, vimentin, ERK, phospho-ERK, NF-κB, phospho-NF-κB and β-actin. After incubation with the primary antibodies at 4˚C overnight, the membranes were hybridized with secondary goat antimouse or goat anti-rabbit antibodies (Sigma-Aldrich) for 2 h at room temperature. Immunopositive bands were developed using an enhanced chemiluminescence (ECL) detection system (Amersham, Piscataway, NJ, USA). All analyses were conducted in triplicate.
Statistical analysis. Statistical analysis was performed using SPSS software (version 17.0, SPSS Inc., Chicago, IL, USA). Data are presented as the means ± SEM of three replicate assays. Differences between the groups were analyzed by analysis of variance (ANOVA). Statistical significance was set at P<0.05. All experiments were repeated independently at least three times.
Results
SOD increases the production of H 2 O 2 in pancreatic cancer cells.
The intracellular H 2 O 2 in BxPC-3 and Panc-1 cells treated with SOD or SOD accompanied with CAT was determined using a hydrogen peroxide assay kit detected by a microplate reader. As shown in Fig. 1 , the levels of H 2 O 2 in both the BxPC-3 and Panc-1 cells were upregulated in response to SOD stimulation. CAT could counter-balance the effect of SOD in both cancer cell types.
SOD upregulates the activation of the ERK/NF-κB signaling pathway. As an important member of mitogen activated protein kinase (MAPK) signaling pathway, ERK pathway is downstream of ROS which is involved in tumor migration and invasion (17) . A recent study demonstrated that ERK pathway induces activation of NF-κB transcription factor, and is associated with cell migration activity (18) .
In the present study, we observed that both ERK and NF-κB phosphorylation were strongly increased with the addition of SOD (Fig. 2A) . When we added SOD with CAT together into the cell culture, the expression of phospho-ERK and phospho-NF-κB decreased significantly, indicating that the activation of ERK/NF-κB signaling pathway in BxPC-3 and Panc-1 cells was hydrogen peroxide-dependent. In addition the ERK inhibitor PD 98059 was able to inhibit the expression of phospho-ERK and phospho-NF-κB, indicating that the NF-κB transcription factor is modulated by the ERK pathway (Fig. 2B) .
SOD promotes wound closure via the activation of H 2 O 2 / ERK axis. Migration and invasion are two important aspects that lead to the ability of cancer cells to form metastases. In order to further characterize the role of SOD in promoting metastasis, we investigated the role of SOD in migration using a classic wound healing assay. Results showed that SOD caused a significant increase in the migration of both BxPC-3 and Panc-1 cells after incubation for 24 h. Both CAT and PD 98059 suppressed these effects which proved that H 2 O 2 /ERK axis mediated SOD-induced cell migratory ability (Fig. 3) . 
Activation of H 2 O 2 /ERK axis is responsible for the promotion of cancer cell invasion.
To gain more insight into the role of H 2 O 2 /ERK axis in cancer progression, BxPC-3 and Panc-1 cells were treated with SOD in the absence or presence of CAT and PD 98059. As shown in Fig. 4 , the average cell numbers that invaded into the lower chamber increased with the addition of SOD after incubation for 48 h. This increase was reversed by co-treating with both CAT and PD 98059. These finding revealed that H 2 O 2 /ERK axis might be an effective inhibitor of the migration and invasion of pancreatic cancer cells.
SOD induces EMT via H 2 O 2 production in pancreatic cancer
cells. EMT, a critical character of tumor metastasis, contains three essential processes: first, alterations of cell-cell and cell-extracellular matrix (ECM) interactions occur releasing the epithelial cells from the surrounding tissue. Then the cytoskeleton is reorganized so that the cells can gain the ability to move through ECM. After that, a new transcriptional program is induced to acquire morphological and functional characteristics of mesenchymal-like cells (6) . In our study, we demonstrated that after treated with SOD for 48 h, the cellular morphology of both BxPC-3 and Panc-1 cells was changed from an epithelial phenotype to a classical mesenchymal phenotype. Cells treated with SOD and CAT displayed classical epithelial morphology (Fig. 5A) .
To further confirm the effect of H 2 O 2 on SOD-induced EMT, we determined the expression levels of EMT-related genes after the cells were SOD treated with or without CAT. As shown in Fig. 5B , SOD downregulated the mRNA level of the epithelial marker E-cadherin, while the expression of mesenchymal markers N-cadherin and vimentin were strongly increased. CAT was able to significantly reverse these SOD-induced effects.
To evaluate the effects of SOD on the expression of E-cadherin, N-cadherin and vimentin at protein level, we determined these proteins in BxPC-3 and Panc-1 cells with or without CAT using western blotting. As shown in Fig. 5C , CAT counter-balanced the SOD-induced, EMT-related factors at the protein level, and the trend was consistent with the mRNA results. Taken together, our results demonstrate that SOD induces EMT progression via the production of H 2 O 2 in both BxPC-3 and Panc-1 cells.
Discussion
As a fatal step in solid cancer progression, distant metastasis is responsible for approximately 90% of cancer-related deaths (19) . It is commonly believed that the poor prognosis of pancreatic cancer is due to both the inherently aggressive biology of the disease and its late diagnosis in most cases (20) . In recent years, EMT has received significant attention in cancer metastasis. Emerging evidence has suggested that EMT is the first step by which cancer cells invade and metastasize to other organs. Cancer cells undergoing EMT are able to obtain invasive properties to penetrate the surrounding tissue, leading to the creation of a suitable microenvironment for cancer proliferation and metastasis (13, 21) . Our previous study has demonstrated that SOD-dependent production of ROS was able to increase the invasive and migratory ability of pancreatic cancer cells. In this study, we focus on the underlying mechanisms through which SOD promotes the metastasis ability in pancreatic cancer cell lines BxPC-3 and Panc-1.
Our data showed that SOD could significantly increase the production of intracellular H 2 O 2 in BxPC-3 and Panc-1 cells, which further enhanced the capacity of the pancreatic cancer cells to migrate and invade the extracellular matrix. As the scavenger of H 2 O 2 , CAT was able to terminate these effects of SOD. ERK pathway has long been recognized as an important signaling cascade downstream of ROS that is involved in tumor migration and invasion (15) . In order to determine whether the cell invasion and migration potential as well as the increased H 2 O 2 production is related to ERK pathway, we tested the effects of SOD and CAT on the activation of phospho-ERK and the relative transcriptional factor NF-κB. With SOD alone, both ERK and NF-κB phosphorylation was strongly increased in pancreatic cancer cells, whereas the addition of CAT along with SOD to the cell culture resulted in a decrease of phospho-ERK and phospho-NF-κB. This phenomenon suggested that the activation of ERK/NF-κB pathway mediated by SOD was H 2 O 2 -dependent. In addition, the present study also showed that SOD was able to modulate cancer cell morphology as well as the expression of EMT-related factors, which could be counter-balanced by both CAT treatment and the ERK inhibitor PD 98059.
ROS, particularly, serve as regulators or secondary messengers of signal transduction pathways for cell proliferation, survival, apoptosis and migration (22) . It has been proven that H 2 O 2 is diffusible and thus capable of traveling across plasma membranes into the extracellular space to exert a paracrine role (23) . Intrinsic antioxidant enzymes are vital to the regulation of oxidative stress within cells. SOD, one of the primary cellular antioxidants, catalyzes the conversion of superoxide anion to H 2 O 2 , which can be removed by CAT. Three forms of SOD exist in mammals that serve the same effect: copper-zinc SOD (CuZnSOD), manganese SOD (MnSOD) and extracellular SOD (EC-SOD). CuZnSOD is located in the cytoplasm, mitochondrial intermembrane space and the nucleus. MnSOD is located exclusively in the mitochondrial matrix, whereas EC-SOD is primary located in the extracellular matrix (ECM) (23) .
Both epidemiologic and experimental evidence indicate that the levels of SOD increase in many tumor types as they progress from early stage non-invasive disease to late stage metastatic disease (24, 25) . Increased SOD levels have been associated with poor prognosis and resistance to therapy of various tumors in the central nervous system, gastrointestinal tract, and head and neck (26) . Toh et al (27) reported 2.19-and 3.72-fold increases in SOD mRNA expression relative to normal tissue in gastric and colorectal cancers, respectively. Epidemiologic evidence has also linked a single nucleotide polymorphism in SOD, which increases its activity, to risk of developing cancers (28) . The SOD2-1221G>A AA genotype carriers had a significantly increased risk for pancreatic cancer among those with a low dietary vitamin E intake (29) . Several authors have reported that SOD is involved in the invasive properties of cancer cells. It has been proven that metastatic pancreatic cancer cell line Capan-1, contain elevated levels of SOD and decreased levels of CAT, and that this change in steady-state levels of hydrogen peroxide correlates with increased metastasis, angiogenesis, proliferation and resistance to apoptosis (9, 24) . Mice injected with MnSOD-GFP-transfected HT-1080 cells presented with multiple intrapulmonary metastatic lesions surrounding pulmonary blood vessels (30) . Migration and invasion of the SOD-expressing HT-1080 fibrosarcoma and 253J transitional bladder carcinoma cells were inhibited following overexpression of CAT, indicating that the promigratory invasive phenotype of SOD-expressing cells is H 2 O 2 -dependent (30) .
Increasing number of researchers have focused on the role of ROS in EMT-related cancer in recent years. Mori and colleagues first established a direct link between extracellular generation of ROS and EMT (31) . In their study, normal mouse mammary gland epithelial cells were exposed to a low dose of H 2 O 2 for periods of 2-4 days. A phenotypic conversion of mouse mammary epithelial cells from an epithelial to a fibroblast-like phenotype was observed, which was associated with the dissolution of cell-cell contacts, redistribution of E-cadherin in the cytoplasm, and upegulation of a set of integrin family members and matrix metalloproteinases (MMPs). Kim et al (32) reported that H 2 O 2 could promote the EMT program, which was mediated through HIF-1α and TGF-β1 in human malignant mesothelioma (HMM) cells. Simultaneously, the H 2 O 2 also increased the expression of stem cell-related genes, suggesting the enhanced potential of survival and proliferation of the HMM cells metastasis. Our results confirm that SOD-induced H 2 O 2 influences the migration and invasion via EMT in the pancreatic cancer cell lines BxPC-3 and Panc-1.
Members of the MAPK family include the extracellular ERK, c-jun NH-2 terminal kinase (JNK) and p38 MAPK. Numerous studies have proven the relationship between ERK signaling pathway and cancer progression. Lee et al (33) showed that hepatocyte growth factor (HGF) regulates H 2 O 2 production, which further activates the ERK pathway and regulates uPA production, eventually increasing the invasive potential of stomach cancer cells. Liu et al (34) also demonstrated that bone morphogenetic protein 2-induced cellular invasiveness and MMP-2 activity is ROS/ERK-dependent in pancreatic cancer. Recent studies proved that the metastasismediated effect of the ERK signaling pathway might be modulated via the NF-κB transcription factor, which is associated with cell proliferation, cell migration and angiogenesis (35) . Our results indicated that SOD was able to increase the activation of phospho-ERK and phospho-NF-κB which was counter-balanced by CAT. After suppressing the ERK signaling pathway by PD 98059, the expression of phospho-ERK and phospho-NF-κB as well as the invasion and migration ability of both BxPC-3 and Panc-1 pancreatic cancer cells were decreased.
In conclusion, the results of the present study suggest that SOD-induced H 2 O 2 production can promote EMT in pancreatic cancer, leading to increased motility and invasion via activation of ERK signaling pathway. Managing H 2 O 2 /ERK/ NF-κB axis might be a novel strategy for the treatment of this severe malignancy. Our findings warrant further investigation of this hypothesis.
